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RELATION OF THE STRUCTURE OF SUGARS TO 
THEIR DISSIMILATlON IN THE BUTYL-
ACETON 1 C FERi\fENTATION 
J A~rns F. GcvMoN, L. A. UNDERKOFLER AND ELLIS l. Fu LMER 
The dissimilation of starch in corn mash by Clostridium aceto-
butylicum produces butanol, acetone and ethanol, commonly called 
"soh·ents"', in the approximate ratio of 60 :80 :10, respectiYely. 
Although corn mash is the usual substrate, fermentations of cer--
tain pure carbohydrates by Cl. acetobuf.1Jlicurn liave been inyesti-
gated previously to some extent. The studies of various workers 
(3, 4, 5, 6, 9, IO, 11, 12) have shown that a considerable number 
of sugars are fermented by the butyl organism in semi-synthetic 
media. The sugar fermentations are somewhat slower than for 
corn mash, and the final acidities arc somewhat higher with yields 
of neutral products correspondingly lower. There is some varia-
tion in the proportion of solvents produced from the Yarions car-
bohydrates. Hence, an attempt was made in this investigation to 
relate the structure of the sugars and the proportions of the sol-
vents formed, by subjecting to the action of the butyl-a<'etone 
organism as many of the sugars and polyhydric alcohols as could 
be readily obtained or prepared. These included thirteen com-
pounds which had not been previously studied in detail, with 
dextrose and corn mash used for controls. 
ExPEHIMENTAL 
The bacterial culture used was an active culture of the com-
mercial butyl-acetone organism, Clostridiurn acetobutylicum. The 
methods of conducting the fermentations, the nutrients used in 
the media, and the analytical methods were as outlined by Under-
kofler, Christensen and Fulmer ( 10), except that a modified 
Shaffer-Somogyi ( 8) method was employed for sugar dctermina· 
tions. A carbohydrate concentration equivalent in weight of car-
bon to 4.5 g. of anhydrous dextrose per 100 ml., which in turn 
is equivalent to 6.25 per cent corn mash in terms of carbohydrate 
content, was used for all fermentations. 
In the experiment now to be <lescribed, d-galactose, d-mannose 
and lactose, along with dextrose and corn mash as controls, were 
submitted to the action of the butyl organism for the purpose of 
following the course of the production of butanol, acetone, and 
ethanol. In addition, total acidity, pH and amount of carbo-
hydrate remaining were determined. Immediately after inocula-
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tion, and at various intervals thereafter, samples for analysis 
were removed by means of sterile pipets. The data are assembled 
in Table I. Mannose was dissimilated almost as completely as 
dextrose, but somewhat more rapidly, while only about four-fifths 
of the lactose was fermented and about one-third of the available 
galactose. At the completion of the lactose fermentations the pro-
portion of butanol was a little higher and of ethanol lower than 
the normal, while the galactose fermentations gave high acidities 
and poor yields of neutral products with relatiYely higher than 
normal proportion of butanol and low proportions of acetone and 
ethanol. 
A study of the fermentation of d-arabinose promised to be of 
considerable interest in view of the behavior of its optical anti-
pode, l-arabinose, which is readily dissimilated by the butyl or-
ganism, but which yields a ratio of neutral solvents of 50 :40 :10 
instead of the usual 60:30:10. A quantity of d-arabinose was 
prepared from calcium gluconate by Hockett and Hudson's ( 1) 
impr-0vement of the Ruff (7) method. Se\·eral attempts to fer-
ment d-arabinose in the semi-synthetic medium resulted in failure. 
Hence, it was decided to employ this sugar in a fermentation 
series in which varying quantities of corn meal were replaced by 
equivalent weights of the sugar. Also Z-rhamnose, l-sorbose and 
d-sorbitol, other compounds which had failed to ferment in semi-
synthetic media, were employed in similar replacement series 
along with a dextrose series for control. An amount of corn-
gluten meal equal to 1.5 per cent of the volume of medium was 
added to each flask in order not to seriously deplete the nutrient 
supply with increasing replacement of corn meal. The results 
f!Jr the experimental series are given in Table II. It is evident 
that d-arabinose, Z-rhamnose, l-sorbose and d-sorbitol are not 
utilized by the butyl-acetone organism. 
The pentose sugar, d-lyxose, was prepared by the degradation 
of calcium galactonate with hydrogen peroxide in a manner simi-
lar to the preparation of d-arabinose from calcium gluconate. 
Calcium galactonate was made by electrolytic oxidation of gala-
tose according to the method of Isbell and Frush (2). Tl1e 1yxose 
was obtained in the form of a sirup which failed to crystallize. 
The phenylosazone obtained from the sirup had the properties of 
d-lyxosazone (m.p. 162-163° C.). Several attempts to ferment the 
lyxose sirup in semi-synthetic medium failed. The conclusion that 
this compound is not fermentable, however, is not fully j nstified 
2
Proceedings of the Iowa Academy of Science, Vol. 48 [1941], No. 1, Art. 38
https://scholarworks.uni.edu/pias/vol48/iss1/38
1941] BUTYLACETONIC FERMENTATIOX 215 
since impurities toxic to the butyl organism might possibly have 
been present in the sirup. 
The possible role of dihydroxyacetonc as an intermediate in 
carbohydrate metabolism warranted a study of its fermentability 
by the butyl organism. When the dihydroxyacetone was added to 
the medium before sterilization it underwent decomposition during 
the heating which rendered the medium totally unfermentable. 
When the dihydroxyacctone was added to sterile semi-synthetic 
medium at the time of inoculation it was partially fermented; 
about one-sixth of the compound was utilized as determined by 
reducing sugar analysis. Unfortunately, insufficient dihydroxy-
acetone was available to prepare a nilume of medium sufficiently 
large for usual solvents analysis. 
Perseitol, a hcptahydric alcohol, i-inositol, a c~'clic hexahydric 
alcohol, and l-arabitol, a pcntahydric alcohol, were tested for fer-
mentability by the butyl organism in test tube quantities of scmi-
synthetic media. None of these compounds was fermented. 
lhsCL'SSION 
It has been found, as a result of these studies, together with 
those of previous investigators, that the only carbohydrates which 
can be dissimilated by the butyl organism are certain of those 
which are found naturally occurring. In Table III are given the 
data for solvents production from the compounds which have been 
investigated in detail. The fermentability of all of these com-
pounds was checked during the present investigation, but only 
dextrose, mannose, galactose and lactose were studied in detail. 
The data for the remaining compounds listed are taken from the 
papers of Johnson, Peterson and Fred (3), Underkofler, Christen-
sen and Fulmer (IO) and Gnderkofler and Hunter ( 11). 
The butyl-acetonic fermentations of the majority of the various 
pure carbohydrates which have been studied produce at the end 
of the fermentations the neutral compounds in relative proportions 
not greatly different from those obtained in the fermentation of 
corn mash, i. e., 60 parts butanol, 30 parts acetone and I 0 parts 
ethanol by weight. For some sugars this ratio is practically con-
stant throughout the fermentation, as is also true in the case of 
corn mash; for others the ratio may change markedly during the 
course of the fermentation. Most notable examples of such 
changes in ratio during fermentation are found with the pentoses 
and the disaccharides. 
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Considering only the hexoses and disaccharides listed in Table 
III, it appears that the carbohydrates which ferment slowly with 
incomplete dissimilation give lower final proportions of ethanol 
and higher proportions of butanol than are obtained from corn 
mash. From the more readily fermented sugars, the solvents 
ratios are essentially the same as from corn mash, except that 
there is a tendency for slightly higher proportions of ethanol to 
be obtained from dextrose, maltose and levulose at the expense 
of the butanol or acetone. 
For the pentoses, data are available only for xylose and l-ara-
binose. Xylose is fermented less rapidly than arabinose. Xylose 
and arabinose, somewhat like galactose and lactose, give high 
proportions of ethanol and low percentages of butanol at the be-
ginning of the fermentation. During the fermentations butanol 
proportions increase in amount, as do also the acetone percent-
ages, while ethanol proportions decrease to the final values. Of 
all the carbohydrates fermented, only l-arabinose has given .:i 
proportion of acetone higher than about 30 per cent. 
l\Iannitol, the only polyhydric alcohol fermented, gives a much 
higher proportion of butanol and lower percentages of acetone 
and ethanol than are obtained from corn mash, the ratio being 
82 :12 :6. From the beginning of the fermentation the percentages 
of butanol and ethanol decrease to the final values, while the pro-
portion of acetone increases. The increased percentage of butanol 
at the expense of acetone is probably due to the fact that manni-
tol has two more atoms of hydrogen per molecule than do the 
hexose sugars. Johnson, Peterson and Fred ( 3) concluded that 
the fermentation mechanisms for dextrose and mannitol are simi-
lar except that the two additional atoms of hydrogen available from 
mannitol result in increased production of the reduced product, 
butanol, at the expense of the acetone. 
Only a small percentage of all of the possible isomeric hexoses 
and pentoses and polyhydric alcohols have been submitted to the 
action of the butyl-acetone organism. And of those tried, only 
certain of the naturally occurring compounds have proven fer-
mentable. Therefore any conclusion relating sugar configuration 
to the chemism of the fermentation must of necessity be based 
upon incomplete information. It is apparent, however, that 
stereoconfiguration is of prime importance since l-arabinose is 
readily dissimilated while d-arabinosc is unattacked. Apparently 
the configuration of a naturally occurring sugar is the favorable 
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Table l. Cuur~e uf the But,11l-Aceto11ic PermP11lation 
Carbohydrates 
of Ser•eral 
I Ac·d Total Solv.nts A I . i Total I S8lvents A 
Timel ml. Sugar. Solvents Proportrion, Arid Solwmts 1 Pnoportion, 
hrs. 10. I N g./100 Yi.old, c:,~ of total ml. Sugar. Yield, 1 % of total % of 0. l N g./100 % of I i I per ml. dextro~e I I I per ml de-xtros€ i !Om!. t>quiv. B i A ! E !Om! . equiv. 1 D I A: E i I I I I I 
---·-
Mash _1_1_ I Corn Dextrose I I 0 1.1 
I I I.I t.50 I I 8 3.5 2.2 4.:m I I 12 3.8 I I I 2.9 t.15 I 
1() 2.0 I 
301 12/ 
3.2 3.97 I 
2il 20 1.8 17.8 581 3.4 3.78 3.9 701 6 
21. 1.9 I I I 3.5 3.36 I I ao 1.7 30.9 571 301 rn: 2.7 2.86 11.7 
621 
291 9 
3G 1.9 i I I 2.8 1.90 
281 
1.2 l.!J 
581 
i I 3.1 0.83 
50 
2.0 
32.6 31 I 111 2.8 0.27 32.7 rrn1 16 (jO 2.0 I I I 3.0 0.19 
,5(il 28/ 72 2.3 32.0 ,581 301 12J 3.1 3·t.!J 16 
!)(-) 2.·l· :31.5 58/ 30, 121 3.3 0.13 33.8 571 28/ 15 
12() 2.t I 32.0 .581 30( 121 3.4 I 0.16 34.5 57i 28j 15 I 
Mmrnclse I I.actose I i 0 Ui 4.52 
I 
1.1 4.52 
I I 8 2.9 ·t.43 I I 2.2 4.-t6 12 a.:, I c+,l() I 2.8 t.34 
t41 
Hi 4-.3 3.91 I I 
281 ~1 3.2 4.19 ;301 20 4 .. :J 3.la 6.1 I 671 :3..5 ck()l a .. 5 2G 2.1. 4-.0 3.09 
I 60! 30[ 
I 3.7 3.8:3 
531 
I 
ao a.2 Ul9 18.l 101 :3.7 3.75 7.6 321 15 311 :3.3 0.79 I i i t.8 3.19 I I ,1.2 3.8 0.35 I I I 
I 2.8 2.67 i 
liO 3.9 0.31 32.3 631 271 101 2.6 2.11 20 .. 5 591 a21 9 
(j() 
·1.2 0.26 
I 621 9,,,1 I 
2.9 l.:35 
621 a1 I 72 4 .. 3 31.8 
-1 I 11/ 2.9 1.03 27.5 7 
!)() ! .i_o 0.22 32.8 I 60f 28i 121 3.0 0.82 28.2 631 311 6 
12(i .J...J. 0.27 33.1 I 581 :JOI 121 3.0 0.94 28.5 63j 311 6 
Gnlnctosc I I I I I () JA. ,i_44 I I I 
8 2.1 4.20 
I I I 12 2.8 4.11 I 
JG 3.3 ·t.OO 
I 
I I 20 a.o B.9G 3.6 571 171 261 
:?-1· 3.9 3.83 I I I AB butanol; A = acetone; 30 5.0 3.57 5.0 I 48: 22: ao1 E = ethanol. 
36 5.H 3.45 
I 
I I 
191 
t2 .5.6 3.30 I 
,50 (i.0 3.:?2 7.1 I 5(jj 2.51 ()O ti.O 3.19 I I i I ~9 fi.O 3.Ia 7.9 I 60 ~ 251 151 ,_
f)(j 6.2 2.!J9 7.5 I 631 241 rn1 
126 .5.9 2.98 8.5 I 70! 2.5/ 5/ 
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Table II. Fermentation of Corn Meal-Carbohydrate }'fixture.~ 
Corn Meaf 
-----
Total Solvents Yield, % of dextrose equivalent Replaced, 
% Dextrose d-Arabinose 1-Hhanmosel J-Sorbose___I d-Sorbitol 
------ ------
0 26.4 26.2 26.1 25.9 27.9 
IO 2.5.8 27.3 21.-5 
20 25.9 22.1 23.9 20.5 19.9 
30 26.1 20.1 18.5 
40 27.2 1.5.7 17.2 17.9 15.7 
50 27.1 15.3 13.2 
60 27.5 7.9 11.6 12.7 10.9 
70 28.3 7.8 6.7 
80 28.2 1.9 4.1 -~.3 3.6 
90 28.1 1.9 0.6 
100 27.9 0.0 0.0 0.4 0.0 
-----
1'a/,/e Ill. Initial and Pinal Solvents Ratios for 
Various Carboh~1drates 
Carbohydrate 
Starch 
(corn mash) 
Dextrose 
Mannose 
Galactose 
Lactose 
Sucrose 
Maltose 
Le,·u!ose 
1-Arabinose 
Xylose 
i\1annitol 
i1mtial HatilJTFinaflfiuro-r- Character of the 
B A I E n I A I E I Fermentation 
I, I I . 58 30 12 .58 30 12 j Rapid and complete 
70 24 6 57 28 15 Complete, less rapid 
I I than corn mash 
If 67 28 i 5 58 30 12 Complete, more rapid I I than dextrose I 57 17 I 26 70 25 5 Low utilization and slug-
·! 
1
1 gish, no acidity break 
[ 44 30 26 63 31 I 6 I 80% utilized, somewhat 
I I sl u p:gish 
I 73 26 64 ~~3-.-):521 4 Incomplete utilization, I sluµ-gish 
1
76 2-~ 0 61 15 Rapid and complete 
' 
63 24 13 58 17 Hapid and complete 
41 33 26 .51 39110 Hapid and complete, 
high proportion of ace-
tone 
29 25 -16 60 30 I 10 Less rapid and less 
12 : 
complete tlrnn arahinose, 
normal proportion of 
ncetone 
88 3 9 82 6 I Hapid and complete 
6
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arrangement between two optical antipodes. Most of the sugars 
which occur in nature belong to the dextro series, l-arabinose 
being an exception. 
Speakman ( 9) based his discussion of the relationship of struc-
ture to ease of fermentability upon the presence of adjacent hy-
droxyl groups in the molecule. On the basis of our results, and 
dismissing from consideration the influence of optical isomerism, 
it appears possible that the position of a pair of adjacent hy-
droxyl groups with respect to the terminal carbon position is sig-
nificant. The structural formulae of the compounds under con-
sideration are given below: 
H 
I 
I 
C=O 
I 
H-C-OH 
I 
I 
HO-C-H 
I 
H-C-OH 
I H-C-OH I 
I 
CH20H 
d-Glucose (dextrose) 
CH20H 
I 
C=O 
i 
HO-C-H 
I 
H-C-OH 
I 
H-C-OH 
! 
CH20H 
d-Fructose ( levulose) 
ALDO-HEXOSES 
H 
I 
C=O 
I 
I 
HO-C-H 
I 
HO-C-H 
I 
H-C-OH 
I 
H-C-OH 
I 
CH20H 
d-Mannose 
KETO-HEXOSES 
CH20H 
I 
C=O 
I 
HO-C-H 
I 
H-C-OH 
I 
HO-C-OH 
I CH20H 
l-Sorbose 
H 
I 
C=O 
! 
H-C-OH 
I 
HO-C-H 
I 
HO-C-H 
I H-C-OH 
I CH20H 
d-Galactose 
7
Guymon et al.: Relation of the Structure of Sugars to Their Dissimilation in the
Published by UNI ScholarWorks, 1941
220 
H 
I 
C=O 
I H-C-OH 
I HO-C-H 
I H-C-OH 
I CH20H 
d-Xylose 
H 
I 
C=O 
I 
HO-C-H 
I 
HO-C-H 
I 
H-C-OH 
I 
I 
CH20H 
d-Lyxose 
CH20H 
I 
HO-C-H 
I 
HO-C-H 
I 
H-C-OH 
I H-C-OH 
I CH20H 
d-~Ianni to I 
IOWA ACADEMY OF SCIENCE 
ALDO-PENTOSES 
H 
I 
C=O 
I 
i 
H-C-OH 
I 
HO-C-H 
I HO-C-H 
I 
CH20H 
l-Arabinosc 
H 
I 
I 
C=O 
I 
H-C-OH 
I 
H-C-OH 
I 
I 
HO-C-H 
I 
HO-C-H 
i 
CH 3 
1-Rhamosc (methyl 
pentose) 
PoLYHYDHic ALcoIIoLs 
CH20H 
i 
H-C-OH 
I 
HO-C-H 
I 
H-C-OH 
I 
H-C-OH 
I 
CH20H 
d-Sorbitol 
[Vo1,, XLVIII 
H 
I 
C=O 
I 
HO-C-H 
I H-C-OH 
I 
H-C-OH 
I 
CH20H 
d-Arabinose 
CH20H 
i 
I 
H-C-OH 
I 
HO-C-H 
i 
HO-C-H 
I 
H-C-OH 
f 
CH20H 
Dulcitol 
8
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CH20H 
I 
H-C-OH 
I 
HO-C-H 
I HO-C-H 
I 
CH20H 
Z-Arabitol 
BUTYLACETOKIC FEH'.VIENTATIOK 
CH.,OH 
I -
H-C-OH 
! 
HO-C-H 
' 
J 
HO-C-H 
I 
H-C-OH 
I 
H-C-OH 
I 
CH20H 
Perseitol ( d-manno 
d-gala-hcptitol) 
221 
Judging from the behavior of the sugars whose structures are 
shown, the configuration of a sugar most favorable toward fer-
mcntability by the butyl organism requires a pair of cis hydroxyl 
groups located in the molecule adjacent to a primary alcohol 
group. For the aldo-hcxoses both mannosc and glucose ferment 
well and possess such an arrangement, whic galactosc, which is 
poorly fermented. does not. The latter sugar contains one pair 
of cis hydroxyls but this pair is centrally situated. The theory 
holds for the two keto-hexoses studied, namely fructose and sor-
bose. Fructose, possessing a pair of adjacent hydroxyls in the 
terminal position, is readily fermented; sorbose, ha\ ;ng no pair 
of adjacent l1ydroxyl groups, is not fermented. 
Of the pentoses, only d-xylose and Z-arabinose have been found 
fermcntable. The contrasting behavior in regard to the final 
solvents ratios from these two sugars has been mentioned. l-Ara-
binose, which is fermented somewhat more readily than xylosc, 
contains a pair of adjacent hydroxy 1 groups in the terminal lo-
cation opposite the carbonyl group, while xylose possesses no 
adjacent pair. d-Lyxose contains a pair of cis hydroxyls but not 
situated in the terminal position. It is not a naturally occurring 
sugar and is apparently not fermented. The methyl pentose, 
l-rhamnose, occurs in nature and has a structure similar to man-
nose in regard to pairs of adjacent hydroxyl groups, but its in-
ability to be utili?.ed by the buty 1 organism is probably associated 
with the presence of the methyl group instead of the primary 
alcohol group. 
d-Mannitol is the on!~· polyhydric alcohol which has been found 
definitely to be utiliziblc by the butyl organism. It exhibits a 
9
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favorable configuration in that there are present two pairs of cis 
hydroxyl groups, both in terminal positions. The polyhydric 
alcohols, dulcitol, d-sorbitol, perseitol and l-arabitol, occur in 
nature and each contains pairs of cis hydroxyl groups, the latter 
three compounds having a pair in the terminal position, yet none 
of these substances have been found to be fermentable. Some 
other unfavorable condition must predominate in these polyhydric 
alcohols since none are attacked by the butyl-acetone organism. 
It had been hoped that this study, on the basis of sugar struc-
ture, would throw some light on the reason for the unusual pro-
portions of solvents formed from certain of the sugars, par-
ticularly from 1-arabinose, the only sugar which gives an un-
usually high proportion of acetone, as well as from galactose and 
lactose which give high butanol percentages at the expense of the 
ethanol. However, the attainment of this goal was prevented by 
the failure of the organism to ferment any of the synthetic com-
pounds tried along with many of the natural ones. Considering 
the difficulties in obtaining quantities of the less common sugars 
sufficient to carry out complete studies of their fermentability, 
a final satisfactory solution to the question of the influence of 
configuration on fermentability will necessarily be slow. Howe\·er, 
the experimental data now available are sufficient to show a 
general trend in the relation between configuration and ferment-
ability as discussed above. 
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